ABSTRACT A trial was conducted to evaluate the efficacy of an Escherichia coli strain producing α-amylase of Bacillus stearothermophilus on growth performance, nutrient use, and the morphology of the small intestine of broilers fed a corn-based diet. One hundred thirty-five 1-d-old chicks (Cobb 500) were randomly divided into 3 groups and treated as follows: (i) basal diet (control); (ii) basal diet and water supplemented with an E. coli strain that produced amylase, and (iii) basal diet and water supplemented with an E. coli strain that produced amylase plus bacterial hemoglobin. At 21 d of age, supplementation of E. coli improved daily gain (P < 0.05) and feed conversion (P < 0.01). At the end of the trial, birds supplemented with water containing bacteria consumed more and grew faster (P < 0.05) and had better feed conversion
INTRODUCTION
Enzyme supplementation improves performance and nutrient digestibility of broilers fed diets containing high levels of grains rich in nonstarch polysaccharides. Intestinal microflora population is a complex ecosystem composed of a large variety of bacteria. The metabolic capacity of microflora is extremely diverse and can produce positive and negative effects on gut physiology (Macfarlane and Cummings, 1991) . There is, therefore, a great deal of interest in the possibility of altering the intestinal microflora in a beneficial way with the aim of improving the health of the host. Bacterial enzymes are the major microbial glycosidases in the intestinal tract. Noy and Sklan (1995) reported that daily net secretion of amylase into the duodenum was low at d 4 and steadily increased 1 This study was supported by TAGEM of Ministry of Agriculture and Rural Affairs TAGEM GY 03/11/03/078. 2 Corresponding author: nsahinkm@yahoo.com 505 (P < 0.10) than broilers given no bacteria. Also, the presence of bacteria improved apparent digestibility of organic matter (P < 0.01). However, no effects were detected for CP or fat digestibility. Supplementation with E. coli reduced relative pancreas weight (P = 0.06) but did not affect the weight of the liver (P > 0.05) and length of duedonum, jejunum, ileum, and cecum (P > 0.05). Length of the villi and crypts were significantly increased with bacterial supplementation. Presence of the bacterial hemoglobin gene did not cause a significant difference in changes observed. The data indicated that supplementation of an E. coli strain capable of producing α-amylase improved digestibility of nutrients and performance of broilers fed a corn-based diet.
up to d 21. Therefore, an exogenous supply of amylase might be needed to match the requirement of birds and improve performance early in life. Studies have shown beneficial effects of amylase and protease preparations on growth and feed efficiency of chicks when added to diets (Burnett, 1966) . Mahagna et al. (1995) , in contrast, did not find any beneficial effect of enzyme complexes, including amylase and protease, on performance or digestibility of nutrients of broilers from 1 to 14 d of age fed a sorghum-soybean meal diet. The nutritive value of corn-based diet can be improved by supplementation with enzymes and enzyme-producing bacteria. Amylase supplementation to corn-soybean meal diets significantly improves performance of turkey poults (Ritz et al., 1995) . Recent studies have indicated that addition of a mixture of enzymes including amylase benefits birds fed diets based on corn and soybean meal (Douglas et al., 2000; Café et al., 2002) , which indicates that young birds might be deficient in certain endogenous enzymes. However, information on the influence of amylase as a single exogenous enzyme added to broiler diets is scarce. The use of enzymes also increases the availability of nutrients in the small intestine.
Very few reports have focused on the effect of live bacterial cultures on the digestive enzymes in chicken intestine and the efficacy of genetically engineered viable bacteria on digestive enzymes and performance has not been reported. Therefore, an experiment was carried out to investigate the effects of genetically engineered Escherichia coli cultures on amylase activity in small intestine, performance, and gut morphology of broiler chickens fed a corn-based diet.
MATERIALS AND METHODS

Recombinant E. coli Strains
Two E. coli strains were used in this study (Khosravi et al., 1990) . Bacillus stearothermophilus α-amylase gene alone or together with the bacterial (Vitreoscilla) hemoglobin gene was cloned into pUC8 vector, and these 2 plasmids were transformed into Escherichia coli strain JM 103 to make strains MK57 and MK79, respectively. Both MK57 and MK79 strains produced α-amylase and MK79 produced hemoglobin at detectable amounts in vitro (Aydin et al., 2000) . The strains were inoculated from stock cultures into LB broth containing 50 g/mL of ampicillin and incubated at 37°C overnight in a shaking incubator, and the medium containing the bacteria was added to emptied waterers. Drinking water was calculated to contain 1 × 10 6 /mL of bacterial cells. To count the viable bacteria, they were cultured in LB agar plates containing ampicillin at the concentration of 50 g/mL.
Birds and Treatments
One hundred thirty-five 1-d-old male chicks (Cobb 500) obtained from a local broiler chicken hatchery (Oznesil, Malatya, Turkey) were randomly assigned to 3 treatment groups consisting of 5 replicates of 9 birds. The experiment was conducted in accordance with animal welfare at the Veterinary Control and Research Institute of Elazig, Turkey. Birds were kept in the wire-floored cages in different rooms with the same conditions. Birds were treated as follows: (i) basal diet (control group); (ii) basal diet and water containing amylase-producing E. coli (MK57 strain; APEC group), and (iii) basal diet and water containing E. coli strain producing amylase plus bacterial hemoglobin (MK79; AHPEC group). Control group did not receive the bacterial supplement. Bacteria were added to drinking water at 2-d intervals beginning on the third day of age until the end of the study. The initial temperature of 32°C was reduced sequentially according to the age of the birds until reaching 26°C at 21 d. The chicks were kept on a 23-h light program, with free access to feed and water throughout the experiment. The birds were fed a starter diet until 21 d of age followed by a finishing diet from d 21 to 42. Ingredients and the chemical composition of the basal diet are shown in Table 1 . The basal diets were formulated using National Research Council (1994) guidelines and contained 22.0 to 20.0 g/ 100 g (starter-grower, respectively) of protein and 3,086 The vitamin premix provides the following (per kg): all-trans-retinyl acetate, 1.8 mg; cholecalciferol, 0.025 mg; all-rac-α-tocopherol acetate, 12.5 mg; menadione (menadione sodium bisulfate), 1.1 mg; riboflavin, 4.4 mg; thiamine (thiamine mononitrate), 1.1 mg; vitamin B-6, 2.2 mg; niacin, 35 mg; Ca-pantothenate, 10 mg; vitamin B-12, 0.02 mg; folic acid, 0.55 mg; D-biotin, 0.1 mg. The mineral premix provides the following (per kg): manganese (from manganese oxide), 40 mg; iron (from iron sulfate), 12.5 mg; zinc (from zinc oxide), 25 mg; copper (from copper sulfate), 3.5 mg; iodine (from potassium iodide), 0.3 mg; selenium (from sodium selenite), 0.15 mg; choline chloride, 175 mg. kcal/kg of ME. Birds were provided with feed and fresh water for ad libitum consumption. The experimental period was 42 d.
Colonization of E. coli in Gut
To detect the colonization of bacteria in the gut, on the third day of bacterial supplementation, 3 birds from each group were slaughtered, and the intestinal content was collected and cultured on ampicillin-containing LB agar plates. Samples of the contents from the small intestine (from the distal end of the duodenum to the ileo-cecal junction) and cecum were immediately collected, put on ice until they were transported to the laboratory for enumeration of microbial populations. Two grams of mixed contents was diluted in 18 mL of PBS, with serial dilutions for enumeration of bacteria. Triplicate plates were inoculated with 0.1-mL samples and incubated at 37°C.
Performance Variables
Feed intake and body weights were recorded at weekly intervals from which weight gain and feed efficiency of birds were calculated. Pancreas and liver were removed from 2 chicks per replicate used for measuring weight on d 42. The weights of the organs relative to BW were calculated in these chicks.
Sample Collection and Laboratory Analyses
At the last week of the experiment, birds (10 birds from each group) were placed into individual battery cages for collection of excrement to measure the digestibility of DM, organic matter (OM), CP, and ether extract (EE). The composite excrement samples were oven-dried at 60°C for 48 h, then were ground and subsampled (1 g) for chemical analysis. Digestibility of nutrients was measured using Cr 2 O 3 as described by Petry and Rapp (1971) . In order to estimate protein digestibility, excrement N was chemically analyzed according to the method of Terpstra and De Hart (1974) .
For determination of amylase activity in serum and intestinal content 10 birds (2 per replicate) randomly chosen from each treatment were slaughtered at the end of study. Blood samples were centrifuged at 3,000 × g for 10 min, and sera were collected. Serum amylase activity was determined using biochemical analyzer (Olympus-AU 600, Tokyo, Japan). Duodenum plus jejunum contents were individually homogenised in 4 and 10 volumes of ice-cold distilled water, respectively, and centrifuged at 1,500 × g for 15 min. Aliquots of the supernatants were stored at −70°C. Amylase (a-1, 4-glucan 4-glucanohydrolase, EC 3.2.1.1) activity was determined using the method of Somogyi (1960) . One amylase activity unit (1 Somogyi unit) was defined as the amount of amylase that will cause formation of reducing power equivalent to 1 mg of glucose in 30 min at 38°C per mg of intestinal digesta protein or pancreas. The substrate used in the analysis was cornstarch. All chemicals were purchased in a kit (No. 700), and the analytical procedure was performed in accordance with the manufacturer's instructions (Sigma Chemical Co., St. Louis, MO). Chemical analysis of the diets and excrement samples were run using international procedures of AOAC (1990).
Histomorphometry
For measuremnt of histomorphology of intestines, 10 birds (average values of 2 per replica; n = 5) randomly chosen from each treatment were slaughtered at the end of the study. Segments were removed from the duodenum, jejunum, and ileum as follows: 1) intestine from the gizzard to pancreatic and bile ducts was referred to as the duodenum, the middle section of which was taken for microscopy; 2) midway between the point of entry of the bile ducts and Meckel's diverticulum (jejunum), and 3) 10 cm proximal to the ileo-cecal junction (ileum). The samples were handled as described (Xu et al., 2003) . A total of 10 intact, well-oriented, crypt-villus units were selected in triplicate for each intestinal cross-section (30 measurements for each sample, total of 450 measurements for each of the 3 intestinal segments per treatment). Villus height was measured from the tip of the villus to the villus-crypt junction; crypt depth was defined as the depth of the invagination between adjacent villi.
Statistical Analysis
The data were initially analyzed by ANOVA using General Linear Models procedure of SAS Institute (1999) for the effects of APEC and AHPEC. Moreover, we constructed orthogonal contrasts to compare the mean response variables for birds fed the control diet vs. birds given APEC or vs. birds given AHPEC as well as birds fed APEC vs. birds fed AHPEC. Effects of bacteria supplementation on response variables were considered to be significant at P < 0.05.
RESULTS
Growth performance of chicks is presented in Table 2 . Compared with the control diet, supplementation with APEC and AHPEC significantly improved ADG (P = 0.001) and feed intake (P ≤ 0.05) and decreased feed conversion (P = 0.0001) Although chicks fed with APEC or AHPEC had slightly greater ADG and lower feed conversion than the control chicks, the tendency was not significant between APEC and AHPEC (P > 0.05). At 21 d of age, APEC or AHPEC supplementation improved daily gain (P ≤ 0.05) and feed conversion (P = 0.0001).
Morphological and histological measurements of the small intestinal mucosa of chicks are presented in Tables  3 and 4 . The APEC or AHPEC supplementation reduced the weight of pancreas (P = 0.06) but did not affect liver weight and length of duodenum, jejunum, ileum, and ceca (P > 0.05). Villus length (P ≤ 0.001) and width (P ≤ 0.001) of the small intestinal mucosa were significantly higher with APEC or AHPEC supplementation compared with the control. Supplementation with APEC or AHPEC decreased crypt depth (P = 0.001) but increased crypt width (P = 0.001; Table 4 ). The APEC or AHPEC supplementation improved apparent digestibility of DM (P = 0.001) and OM (P = 0.001; Table 5 ). However, no effects of supplementation were detected for CP or EE digestibility (P > 0.05). The amylase activities in the serum and the small intestinal contents of chicks are shown in Table   6 . Supplementation with APEC or AHPEC significantly improved the activities of amylase in serum (P = 0.001), and the small intestinal contents (P = 0.001).
DISCUSSION
In the current study inclusion of α-amylase producing E. coli into drinking water of broiler chickens improved performance of chickens. To enhance nutrient utilization, improve feed conversion, and maintain health status, inclusion of probiotics in rations is preferable to antibiotics, primarily because they cause no harmful effects on consumers (Onifade et al., 1999) . Probiotic is a generic term, and products can contain yeast cells, bacterial cultures, or both that stimulate microorganisms capable of modifying the gastrointestinal environment to favor health status and improve feed efficiency (Dierck, 1989) . Mechanisms by which probiotics improve feed conversion efficiency include alteration in intestinal flora, enhancement of growth of nonpathogenic facultative anaerobic and gram positive bacteria forming lactic acid and hydrogen peroxide, suppression of growth of intestinal pathogens, and enhancement of digestion and utilization of nutrients (Yeo and Kim, 1997) . Therefore, the major outcomes from using probiotics include improvement in growth (Yeo and Kim, 1997) , reduction in mortality (Kumprecht and Zobac, 1998) , and improvement in feed conversion (Yeo and Kim, 1997) . Supplementation with probiotics has also been shown to enhance survival by altering gastrointestinal flora (Netherwood et al., 1999) through suppressing growth of pathogenic bacteria (Ehrmann et al., 2002) . Alpha-amylases (EC 3.2.1.1) is among starch hydrolysing enzymes and the cloning of the gene encoding enzyme is well characterised in E. coli. Reports on the efficacy of amylase on performance of broilers are controversial. Ritz et al. (1995) have reported improvements of 3% in daily gain and 4% in feed consumption in 21-d-old poults fed a corn-soybean meal diet supplemented with an enzyme complex containing predominantly amylase. Our findings that amylase supplementation increased body weight, feed intake and feed efficiency in broiler agreed with those of Gracia et al. (2003) , who reported increased performance in broiler fed an amylase-supplemented diet. No research has been conducted previously with Table 5 . Digestibility of DM, organic matter (OM), CP, and ether extract (EE) in broiler chickens fed corn-based diets supplemented with α-amylase-producing bacterial culture (%) alpha-amylase producing active E. coli. Supplementation with α-amylase producing bacteria not only increased intestinal activity of the enzyme and thus improved starch digestibility but also improved the digestibility of DM and OM. Control chickens, in the present study, did not receive LB broth. This may raise a question if the improvement observed in the performance of birds could be at least partly due to the nutrients present in LB. The LB containing bacteria was 1,000-fold diluted and, also taking into account that the nutrients are consumed by bacteria, this amount may not have a significant effect on chicken performance. Colonization of bacteria and increased α-amylase activity in intestine of the birds improved morphology of gastrointestinal tract and this may explain the improvement in feed conversion observed in our work. The improvement in digestibility observed with APEC and AHPEC supplementation at d 21 was also seen at d 42. This indicates that supplementation with APEC and AHPEC might be beneficial even in the grower period. The weight of some digestive related organs might change depending on the amount, quality and characteristics of the food. The weight of pancreas as a percentage of BW has been shown to decrease when an exogenous α-amylase is supplemented which indicates that secretion of pancreatic enzymes might be affected by the concentration of enzymes and substrates or products of their hydrolysis in the lumen of the small intestine (Twombly-Snook and Meyer, 1964; Moran, 1985) . However we could not detect any significant differences regarding the weight of pancreas and liver between broilers of control group and those receiving APEC or AHPEC. Similarly no difference was observed in the length of duedonum, jejunum, ileum, and ceca of birds receiving or not receiving the APEC or AHPEC (Table 3) .
Morphology of gut wall is altered by bacterial activity in the gastrointestinal tract (Sakata, 1987) . Exogenous enzyme supplementations also alter the intestinal microflora and thus cause changes in morphology of gut (Bedford et al., 1991) . Ritz et al. (1995) reported that α-amylase supplementation increases the length of the villi within the jejunal and ileal sections of 3-wk-old turkey poults fed corn-soybean meal diets. Significant increase in villus length and crypt depth and width of chicken supplemented with APEC and AHPEC in the present study (Table 4 ) might provide more surface area for nutrient absorption and thus might improve nutrient digestibility. Therefore, the improvement of performance may not be only due to release of simple sugars but rarther to the changes to the small intestine morphology and thus to increased area for absorption of the nutrients.
Digestibility of nutrients is affected by exogenous enzyme supplementation and also by microflora of the gut. In the presnt study a significant increase was observed in digestion of OM and DM when broilers were supplemented with amylase producing E. coli (Table 5) . This is probably due to higher digestion of starch as a result of higher amylase activity in the intestine. No significant differences were detected in the digestion of CP or EE between control birds and birds receiving APEC or AHPEC.
Supplementation of amylase producing E. coli cultures to drinking water significantly increased the levels of amylase after 42 d of feeding in chickens (Table 6 ). Similar findings have been reported by Collington et al. (1990) , who reported that inclusion of a probiotic (a mixture of multiple strains of Lactobacillus spp. and Streptococcus faecium) resulted in significantly higher carbohydrase enzyme activities in the small intestine of piglets. Amylase producing E. coli in the intestine apparently secreted the enzyme, thus increasing the intestinal amylase activity (Duke, 1977; Sissons, 1989) . The E. coli strain used in the present experiment had been found to be able to produce amylase in vitro (Aydin et al., 2000) . Present results showing that supplementation of amylase producing bacteria to chicken increased the amylolytic activity in the intestine support this finding. Mahagna et al. (1995) found that secretion of amylase and proteases (trypsin and chymotrypsin) by the pancreas was reduced when chicks were fed diets supplemented with amylase and protease, however our study produced contradictory results to their findings as we found significantly higher amylase activities in serum of birds supplemented with APEC or AHPEC.
The data presented in the present study demonstrate that a digestive enzyme can be produced in the intestine of broilers through supplementation of birds with transformed bacteria. Increase in the activitiy of enzyme improved the gut morphology in favor of the host and thus improved the digestibility of the nutrients and performance of the birds.
